The INCENP (inner centromere protein) is a chromosomal passenger protein that plays multiple roles in regulating mitosis and cytokinesis. The MKLP1 (mitotic kinesin-like protein) is a component of centralspindlin complex that has been implicated in assembly of midzone/midbody during mitosis and is essential for cytokinesis. In the present study, we investigated functions of INCNEP and MKLP1 and their interplay in regulating spindle midzone/midbody formation and cytokinesis in human cells.
INTRODUCTION
Successful cell division requires the temporal-spatial co-ordination of nuclear division (mitosis) and cytoplasmic division (cytokinesis) to ensure that each daughter cell receives a full set of chromosomes together with a proper complement of cytoplasm and organelles. Errors during mitosis and cytokinesis can lead to numerous deleterious events, including chromosome instability, which can have severe consequences for an organism such as cell death, birth and developmental defects, and cancer. In the metaphase to anaphase transition, antiparallel non-kinetochore interdigitating MTs (microtubules) between separating chromosomes bundle together to form a unique spindle structure, the spindle midzone. The spindle midzone plays an important role in determining the position of the cleavage furrow in animal cells [1] . As the cleavage furrow ingresses, it constricts components of the midzone into a focused structure called the midbody. The mechanism by which the midzone/midbody is assembled remains unclear. However, recent genetic and biochemical studies from cultured mammalian cells, Caenorhabditis elegans and Drosophila have begun to reveal factors that are involved in the process. These factors include chromosomal passenger proteins, the kinesinlike motors and the associated proteins, kinases, phosphatase and the spindle midzone bundling protein PRC1 [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Chromosomal passenger proteins, which include INCENP (inner centromere protein), Aurora-B kinase, Survivin, Borealin and TD60, are a group of proteins that localize initially to chromosomes and centromeres, transfer to the spindle midzone in early anaphase and then concentrate at the midbody during cytokinesis [3, [11] [12] [13] [14] [15] [16] [17] [18] . INCENP, Aurora-B kinase, Survivin and Borealin interact with each other to form complex(es) in vivo [17] [18] [19] [20] . As their subcellular localization implicated, chromosomal passenger proteins have been shown to be involved in chromosome condensation, congression, segregation, the spindle dynamics and cytokinesis in various eukaryotic organisms [3, 13, 18, 21] . For instance, abrogation of function of Aurora-B, INCENP or Survivin by RNAi (RNA interference), by dominant-negative and deactivating temperature-sensitive mutants or by specific inhibitors leads to a wide range of defects in mitosis and cytokinesis in animal cells [3, [22] [23] [24] [25] [26] [27] [28] . Consistent with the findings, knockout experiments with mice revealed that INCENP and Survivin are essential for cytokinesis [29, 30] .
The exact functional role of chromosome passenger proteins in cytokinesis remains elusive, although they might recruit or target their downstream targets to regulate midzone/midbody formation and/or cleavage furrowing during cytokinesis [31, 32] . In C. elegans, Aurora-B has been implicated in anaphase spindle midzone/midbody organization by recruiting MKLP1 (mitotic kinesin-like protein) which bundles and stabilizes the spindle midzone/midbody interdigitating MTs. Aurora-B binds to ZEN-4/CeMKLP1 (a C. elegans homologue of MKLP1), and both Aurora-B and INCENP are required to recruit ZEN-4/CeMKLP1 to the spindle midzone [24] . However, results in Drosophila are controversial. Giet and Glover [25] showed that Aurora-B and INCENP were required for recruiting the Drosophila MKLP1 homologue, Pavarotti, to the midzone, whereas Adams et al. [33] indicated that the midzone association of Pavarotti was not dependent on Aurora-B or INCENP.
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The midzone-associated kinesin motors and their binding proteins, such as centralspindlin MKLP1 and MgcRacGAP (malegerm-cell Rac GTPase-activating protein), have been shown to play important roles in cytokinesis in animal cells [4, 32, [34] [35] [36] . Although initial immunodepletion experiments implicated MKLP1 in mitotic progression [37] , recent studies indicated that MKLP1 family members function specifically in cytokinesis. Mishima et al. [4] show that MKLP1 interacts specifically with MgcRacGAP in vivo to form a heterotetrameric complex. This complex, but not the individual component, promotes antiparallel MT bundling in vitro. MKLP1 is a downstream target of Cdc2/ cyclin B1 and Cdk (cyclin-dependent kinase) phosphorylation of MKLP1 has been implicated to control the timing of midzone formation [8] . These results suggest that MKLP1 is an essential factor for midzone formation. However, other studies reveal different views [38, 39] . Immunofluorescence analysis and timelapse imaging reveal that depletion of MKLP1 by microinjection of anti-MKLP1 antibodies or MKLP1 siRNA (small interfering RNA) in mammalian cells does not perturb midzone formation. Instead, it inhibits midbody formation and completion of cytokinesis. These results indicate that MKLP1 functions mainly in the late stage of cytokinesis.
To elucidate further the functions of chromosomal passenger and centralspindlin proteins, and their interplay in spindle midzone/midbody formation and cytokinesis, we examined the effects of inhibition of INCENP or MKLP1 expression by siRNA in HeLa cells using immunofluorescence analysis, three-dimensional reconstruction imaging and time-lapse microscopy. Our results indicate that, although both INCENP and MKLP1 are midzone/ midbody-associated proteins and are essential for cytokinesis, they regulate different stages of the processes. INCENP is crucial for spindle midzone/midbody assembly, whereas MKLP1 mainly plays an essential role for midbody formation. INCENP is required for recruiting MKLP1 to the spindle midzone/midbody, a crucial step for midbody formation and completion of cytokinesis.
MATERIALS AND METHODS

Plasmids and antibodies
The full-length human INCENP cDNA was assembled from two human EST (expressed sequence tag) clones (IMAGE 5563252 and 1624715). The cDNA was fully sequenced and was then subcloned into mammalian expression vector pEGFP-C1. To produce His-tagged INCENP-C-terminus fusion protein, an INCENP cDNA fragment corresponding to nucleotides 2385-2736 was amplified by PCR and subcloned into the pHis8 vector [40] . After expression in Escherichia coli BL21 (DE) pLysS strain, His-INCENP-C-terminus was purified by Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose chromatography. pEYFP-tubulin and pECFP-H2B plasmids were generated as described previously [41, 42] .
To generate anti-INCENP antibodies, rabbits (471/472) were immunized with purified His-tagged INCENP-C-terminus fusion protein. Anti-INCENP antibodies were affinity-purified by incubating serum with His-tagged INCENP-C-terminus-Ni-NTAagarose beads. Anti-Aurora-B (AIM1) monoclonal and anti-MKLP1 rabbit polyclonal antibodies were purchased from Transduction Laboratories and Santa Cruz Biotechnology respectively. Alexa Fluor ® 488-conjugated anti-INCENP antibodies were generated following the instructions for amine-reactive probes (Molecular Probes) and purified by Bio-Spin 30 columns (Bio-Rad). All secondary antibodies used were purchased from SouthernBiotech. Scrambled siRNA, used as control siRNA, was purchased from Dharmacon Research. INCENP esiRNA (endoribonuclease RNase III-prepared siRNA) or MKLP1 esiRNA was generated using the E. coli RNase III method [43] , with some modifications. In brief, ∼ 400 bp 3 untranslated region DNA fragments of human INCENP and MKLP1 were amplified by PCR from sheared genomic DNA of normal human foreskin fibroblasts using sequence-specific 5 and 3 primers containing a T7 promoter sequence at the 5 end. The INCENP primers used for PCR were 5 -GCGTAATACGACTCACTATAGGCTTCTTGGCATGCCA-TTGTGG-3 and 5 -GCGTAATACGACTCACTATAGGCTGCA-CCTGGTGATCCTGAGG-3 . The MKLP1 primers used for PCR were 5 -GCGTAATACGACTCACTATAGGCTCGAAAG-CCATGCCAGAAGC-3 and 5 -GCGTAATACGACTCACTAT-AGGAGACCAGGGCTGGAGAAGTCA-3 . As a control, a fragment of the luciferase coding region was amplified from a luciferase cDNA sequence-specific 5 and 3 primers (5 -GCGTA-ATACGACTCACTATAGGACATCTCATCTACCTCCCGGT-3 and 5 -GCGTAATACGACTCACTATAGGTGCGCCCCCAGA-AGCAATTTC-3 ). The PCR products were subjected to in vitro transcription to produce dsRNAs (double-stranded RNAs) using an in vitro T7 transcription kit (Ambion). dsRNAs were then treated with DNase I, precipitated with 7.5 M LiCl, washed with 70 % (v/v) ethanol, dried and resuspended in water at 1 µg/µl. dsRNAs (50 µg) were digested with 2.5 µg of GST (glutathione S-transferase)-RNase III at 37
• C for 3 h. The reactions were stopped by the addition of 20 mM EDTA, and products were purified through QIAquick spin columns (Qiagen). esiRNAs were precipitated by ethanol and dissolved in water. The concentrations of esiRNAs were determined by measuring absorbance at 260 nm. The quality of esiRNAs was also evaluated by electrophoresis on 4 % low-melting agarose gels.
Cell culture and transfection
HeLa cells were cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % FBS (foetal bovine serum). Transfection of HeLa cells with siRNA duplex oligonucleotides was performed using Oligofectamine (Invitrogen) as described previously [44] . In brief, 1 × 10 5 cells were grown on 35-mmdiameter dishes overnight and were then transfected with 120 nM siRNA using Oligofectamine in serum-free DMEM. At 4 h after transfection, equal volumes of DMEM containing 20 % FBS were added into the dishes. At 24-72 h after transfection, cells were harvested or fixed for immunoblotting or immunostaining analysis.
Immunoprecipitation, immunoblotting and immunofluorescence analysis
For immunoprecipitation and immunoblotting, HeLa cells were cultured with 100 ng/ml nocodazole overnight. Cells were then collected and lysed in lysis buffer (50 mM Tris/HCl, pH 8.0, 0.4 M NaCl, 1 % Nonidet P40, 0.5 % deoxycholate, 1 mM PMSF, 1 µg/ml leupeptin, 1 µg/ml pepstatin and 1 µg/ml aprotinin) on ice for 30 min. Cell lysates were incubated at 4
• C with affinitypurified anti-INCENP antibodies or pre-immune antisera for 2 h and then with Protein A-Sepharose beads for 2 h. Samples were spun down at 10 000 g for 2 min at 4
• C and washed twice with lysis buffer. Bead-bound proteins were subjected to SDS/PAGE (7.5 % polyacrylamide), transferred on to PVDF membranes and then immunoblotted with anti-INCENP antibodies. For immunofluorescence analysis, cells grown on glass coverslips were fixed in PBS containing 3 % (w/v) formaldehyde and 2 % (w/v) sucrose at room temperature (25 • C) for 5 min. After permeabilization and block in PBS containing 0.4 % (v/v) Triton X-100 and 10 % (v/v) goat serum, cells were incubated with primary antibodies (anti-INCENP, 1:500 dilution; anti-MKLP1, 1:100 dilution) for 2 h at room temperature. After washing, cells were co-stained with secondary antibodies (1:200 dilution) and DAPI (4,6-diamidino-2-phenylindole) (0.5 µg/ml) for 1 h at room temperature. After five washes, cells were mounted with FluoroGuard (Bio-Rad) and photographed using a Leica DM IRE2 fluorescence microscope.
Time-lapse microscopy
HeLa cells were grown on 35-mm-diameter glass-bottom microwell dishes (MatTek) overnight and transfected with 0.5 µg of pEYFP-tubulin and 0.5 µg of pECFP-H2B plasmids, together with 100 nM siRNA using Oligofectamine. At 24 h after transfection, cells were cultured overnight in CO 2 -independent medium (Gibco) containing 10 % (v/v) FBS. Then, dishes were covered with mineral oil (Sigma) and transferred to a heated stage (37
• C) on a Zeiss Axiovert 100M microscope. Phase-contrast and fluorescence images of live cells were collected at 2 min intervals, for 9-10 h and processed using the Slidebook 3.0 software (Intelligent Imaging Innovations).
Three-dimensional imaging reconstitution
Serial thin sections (0.3 µm) of immunofluorescent stained cells were scanned under a 63× oil-immersion objective using an inverted Leica DMIRE2 microscope. Images were imported into the library of Volocity (Improvision) and rendered to three-dimensional volume. The three-dimensional images were generated using Volocity software and exported as QuickTime movies.
RESULTS
Successful repression of the midzone-associated proteins, INCENP and MKLP1, in HeLa cells using siRNA
To study human INCENP function, we first generated rabbit polyclonal anti-INCENP antibodies against the bacterially expressed His-tagged C-terminus of human INCENP (see the Materials and methods section). To test anti-INCENP antibody specificity, HeLa cell lysates were immunoprecipitated with affinity-purified anti-INCENP antibodies or pre-immune antisera. The immunoprecipitates were subjected to SDS/PAGE (7.5 % polyacrylamide) and then blotted with anti-INCENP antibodies. Multiple bands around 125-135 kDa in the immunoblots were detected from the immunoprecipitates with anti-INCENP antibodies, but not from the immunoprecipitates with control pre-immune antisera ( Figure 1A) . Similar results were obtained from other human cell lines, U2OS, HEK-293T (human embryonic kidney) and HCT116 (results not shown). Since the predicted molecular mass of human INCENP is ∼ 135 kDa [45] , the results indicated that anti-INCENP antibodies specifically recognized the endogenous INCENP. Multiple bands of INCENP detected in the immunoblots might represent the post-translational modification isoforms (e.g. phosphorylation) of INCENP as reported previously [20] .
To investigate the roles of INCENP or MKLP1 in spindle midzone/midbody formation and cytokinesis, we ablated INCENP or MKLP1 expression in HeLa cells using siRNA produced by chemical synthesis or esiRNA generated by the E. coli RNase III method (see the Materials and methods section). Immunoblotting analyses indicated that transfection of INCENP-or MKLP1-specific siRNA or esiRNA, but not control siRNA or esiRNA, ef- In parallel, cells were also co-stained with DAPI and anti-α-tubulin antibodies to verify the position of chromosomes and the mitotic spindle. Consistent with previous reports [22, 46] , INCENP displayed highly dynamic subcellular localization during the cell cycle in control cells. INCENP was initially detected on chromatin in interphase (late G 2 [22] ), and translocated to the centromeres in early mitosis (prophase, prometaphase and metaphase), localized to the spindle midzone and cleavage furrow in anaphase, and then concentrated at the border of the spindle midbody during cytokinesis (Figure 2A) .
In contrast, INCENP was not detected in the majority of cells treated with INCENP siRNA. The results were consistent with immunoblotting analysis, indicating that the expression of INCENP was effectively ablated by INCENP siRNA. Cells expressing undetectable levels of endogenous INCENP displayed severe mitotic and cytokinetic defects when compared with control cells (Figure 2A) . In prophase and prometaphase, INCENP-depleted cells (green, B) , anti-α-tubulin antibodies (red) and DAPI (DNA, blue). Cells at different stages of mitosis and cytokinesis were viewed under a fluorescent microscope, and images were taken using a digital CCD (charge-coupled device) camera. Scale bars, 1 µm.
exhibited poorly condensed dumpy chromosomes. Although assembly of the bipolar mitotic spindle was observed in INCENPdepleted cells, maloriented chromosomes were frequently detected. In metaphase, chromosomes did not align on the metaphase plate completely. In anaphase and telophase, as some sister chromosomes separated and moved to the opposite poles of the spindle, others were lagging behind. The MT arrays of the spindle midzone were somewhat disorganized, and the formation of the midbody was severely inhibited. INCENP-depleted cells initiated cytokinesis, but they ultimately failed in the completion of cytokinesis and became binucleated/multinucleated cells. Similar results were also observed in cells transfected with INCENP esiRNA (Supplementary Figure S1 at http://www.BiochemJ.org/ bj/389/bj3890373add.htm). Together, the results indicated that INCENP play multiple roles in regulation of chromosome segregation, spindle midzone/midbody formation and completion of cytokinesis.
Suppression of MKLP1 expression inhibits midbody formation and completion of cytokinesis
We next examined the effects of inhibition of MKLP1 expression on the progression of mitosis and cytokinesis. Immunofluorescence analysis was performed in control cells and cells treated with MKLP1 siRNA using anti-MKLP1 antibodies to monitor the expression and localization of MKLP1. In parallel, cells were also co-stained for DNA and α-tubulin to verify the position of chromosomes and the mitotic spindle. Consistent with previous reports [37] , MKLP1 protein localized to the spindle poles and spindle in early mitosis, distributed to the spindle midzone in anaphase and then concentrated to the central portion of the midbody in telophase in control cells ( Figure 2B ). There were no obvious abnormalities on chromosome congression and chromosome segregation, with the spindle and spindle midzone formation in prometaphase, metaphase and anaphase cells expressing undetectable levels of endogenous MKLP1 ( Figure 2B ). The results indicated that cells that lacked MKLP1 progressed normally from prophase to early anaphase. However, despite assembly of the normal spindle midzone in anaphase, the proper formation of the midbody was severely inhibited in telophase cells that lacked MKLP1 ( Figure 2B ). Although the initiation of cytokinesis occurred in these cells, cytokinesis could not complete, resulting in the formation of binucleated/multinucleated cells. Similar results were also observed in cells transfected with MKLP1 esiRNA (Supplementary Figure S1 at http://www.BiochemJ.org/bj/389/ bj3890373add.htm). These results indicated that MKLP1 is essential for midbody formation and completion of cytokinesis in HeLa cells.
Temporal involvement of INCENP and MKLP1 in midzone/midbody formation and cytokinesis
Chromosome segregation and spindle assembly and disassembly during mitosis/cytokinesis are highly dynamic processes. Recently, we developed an experimental system to study these dynamic processes in mammalian cells. In the system, mammalian expression plasmids expressing human α-tubulin fused with an EYFP (enhanced yellow fluorescent protein) and human histone H2B fused with ECFP (enhanced cyan fluorescent protein) were generated and used to mark the mitotic spindle and chromosomes respectively. Mammalian cells were simultaneously transfected with EYFP-tubulin and ECFP-H2B together with plasmids (or siRNAs) of interest, and live-cell images of transfected cells were obtained by time-lapse microscopy. As shown in Figure 3(A) , HeLa cells transfected with EYFP-tubulin and ECFP-H2B together with control siRNA showed that EYFP-tubulin and ECFP-H2B localized in cytoplasmic cytoskeleton arrays and nuclei in interphase (results not shown) and then localized on mitotic spindles and chromosomes during mitosis respectively. Like nontransfected cells, these cells progressed through mitosis and cytokinesis normally and finished the processes (from prophase to completion of separation of two daughter cells) within 2-3 h (Figure 3A , and Supplementary Video S1 at http://www.BiochemJ. org/bj/389/bj3890373add.htm).
We examined cells transfected with EYFP-tubulin and ECFP-H2B together with INCENP siRNA through mitosis and cytokinesis using time-lapse microscopy. In contrast with control cells, cells transfected with EYFP-tubulin and ECFP-H2B together with INCENP siRNA clearly showed multiple mitotic/cytokinetic defects ( Figure 3B , and Supplementary Video S2 at http://www. BiochemJ.org/bj/389/bj3890373add.htm). Although no obvious abnormalities of bipolar mitotic spindle formation were observed in INCENP siRNA-treated cells, the transitions of prometaphase to metaphase and metaphase to anaphase were severely delayed, and abnormal chromosome congression and alignment were detected. As INCENP-depleted cells eventually progressed to anaphase, and the sister chromosomes began to separate, the anaphase features in these cells appeared highly aberrant. Some of the sister chromosomes pulled to the opposite poles of the spindle and others lagged behind. The midzone interdigitating microtubule bundles were poorly established between separating chromosomes. The spindle pole forces used for segregating sister chromosomes evidently did not retain strength. As a result, the separating sister chromosomes moved backwards and resided in close proximity. While formation and ingression of the cleavage furrow occurred in INCENP siRNA-treated cells, the furrowing remained incomplete, and, ultimately, cytokinesis failed. These results, together with the immunofluorescence analysis described above, demonstrated clearly that INCENP is required not only for chromosome congression and segregation, but also for spindle midzone/ midbody formation and completion of cytokinesis.
We then examined the progression of mitosis and cytokinesis in MKLP1 siRNA-treated cells using time-lapse microscopy. Similar to what we did for INCENP siRNA-treated cells, HeLa cells were simultaneously transfected with plasmids expressing EYFPtubulin and ECFP-H2B together with MKLP1 siRNA ( Figure 3C , and Supplementary Video S3 at http://www.BiochemJ.org/bj/389/ bj3890373add.htm). Live-cell imaging analysis showed that, consistent with immunofluorescence analysis, there were no obvious abnormalities in chromosome condensation, congression and segregation or bipolar spindle formation and dynamics in prophase, prometaphase, metaphase and early anaphase in MKLP1 siRNAtreated cells. However, the features of the mitotic spindle in late anaphase and telophase appeared highly aberrant in these cells. The proper formation of midbody was severely impaired, and the separating sister chromosomes moved backwards and came into close proximity. Although formation and ingression of the cleavage furrow was observed in MKLP1 siRNA-treated cells, the furrowing aborted quickly. As chromosomes were decondensed, MKLP1 siRNA-treated cells became binucleated. These results indicate that MKLP1 plays an essential role for the midbody formation and completion of cytokinesis. The inhibition of midbody formation and failure in completion of cytokinesis observed in late-telophase MKLP1 siRNA-treated cells were very similar to those observed in INCENP siRNA-treated cells, suggesting that both proteins are involved in midbody formation. We then examined the subcellular localization of INCENP in MKLP1 siRNA-treated cells. The subcellular localizations of INCENP with centromeres in early mitosis and with the spindle midzone in anaphase were not affected in cells that lacked MKLP1 when compared with control cells ( Figure 4A , and results not shown). However, in telophase cells that lacked MKLP1, because formation of the midbody was inhibited, the midbody localization of INCENP was greatly affected ( Figure 4B ). When compared with the control cells, the staining pattern of INCENP was disorganized and disarrayed in these cells, although INCENP was still co-localized with the spindle MTs in between separating chromosomes ( Figure 4B ). These results indicated that INCENP is not dependent on MKLP1 for its association with the spindle midzone. However, both INCENP and MKLP1 are required for the formation of functional midbody.
To explore further the roles of INCENP and MKLP1 in the midbody formation, we examined the three-dimensional structures of the midbody or mitotic spindle in INCENP-depleted or MKLP1-depleted telophase cells (see the Materials and methods section). The three-dimensional reconstruction imaging analysis revealed remarkable details of the midbody or spindle structures in these cells (see Supplementary Videos S4, S5 and S6 at http:// www.BiochemJ.org/bj/389/bj3890373add.htm). In control cells, the bipolar telophase spindle MTs bundled to form a unique, geometrical and well-organized midbody structure between the two sets of separating chromosomes. MKLP1 localized to the centre and INCENP localized to the borders of the midbody, as the reconstructed image was rotated around the spindle equator orthogonally (see Supplementary Video S4 at http://www.BiochemJ. org/bj/389/bj3890373add.htm). In contrast, telophase cells that lacked INCENP or MKLP displayed striking aberrant spindle morphologies. In telophase cells that lacked MKLP1, the bipolar spindle MTs were poorly organized and disarrayed. Although INCENP was still co-localized with MTs in the middle of the spindle, no well-organized midbody structure with disconnected interdigitating MTs between two half spindles was detected (see Supplementary Video S6 at http://www.BiochemJ.org/bj/389/ bj3890373add.htm). In telophase cells that lacked INCENP, the midbody structure was completely impaired. Dispersed MTs were observed in between two sets of incompletely separating chromosomes, and diffuse staining patterns of MKLP1 were detected in these cells (see Supplementary Video S5 at http://www. BiochemJ.org/bj/389/bj3890373add.htm). Taken together, these studies suggested that recruitment of MKLP1 by INCENP to the midzone/midbody is a crucial step for the midbody formation.
DISCUSSION
In the present study, we examined two mitotic spindle midzoneassociated proteins, chromosomal passenger protein, INCENP, and centralspindlin protein, MKLP1, in regulating midzone/midbody formation and cytokinesis. Immunofluorescence analysis and time-lapse imaging, in which we monitored chromosome segregation and spindle dynamics during mitosis/cytokinesis in live cells, demonstrated that, in addition to multiple chromosome segregation defects, depletion of INCENP expression by siRNA in HeLa cells resulted in inhibition of the spindle midzone/midbody formation and failure of the completion of cytokinesis. Previous studies showed that depletion of homologues of INCENP by siRNA in C. elegans and Drosophila, overexpression of a dominant-negative mutant of chicken INCENP in HeLa cells and knockout of the INCENP gene in mice dramatically inhibited the ability of cells to achieve normal chromosome segregation during mitosis and the completion of cell separation during cytokinesis [20, 22, 25, 30, 33, 47] . Our results are consistent with these findings and indicate that INCENP plays multiple essential roles in regulating chromosome segregation, spindle midzone/midbody formation and cytokinesis in human cells.
In contrast, suppression of MKLP1 expression by siRNA did not cause any abnormality of chromosome segregation and midzone formation, but abrogated midbody formation and completion of cytokinesis. Previous studies suggested that the centralspindlin complex, MKLP1-MgcRacGAP, plays a role in bundling the interdigitating MTs to form the midzone in animal cells [4] . As its name implies, both MKLP1 and MgcRacGAP localize to the midzone and are essential for cytokinesis in C. elegans, Drosophila and mammalian cells [4, 39, 48, 49] . The MKLP1-MgcRacGAP complex binds to MTs and promotes antiparallel MT bundling in vitro [4] . MKLP1 is phosphorylated by Cdc2/ cyclin B in vivo, and Cdk phosphorylation of MKLP1 negatively regulates MKLP1 motor and MT bundling activities [8] . Because inactivation of Cdc2/cyclin B activity through destruction of mitotic cyclin B is critical for metaphase to anaphase transition, it was suggested that Cdc2/cyclin B phosphorylation by MKLP1 controls the timing of midzone formation during the metaphase to anaphase transition [8] . Thus MKLP1-MgcRacGAP might be the crucial factor that regulates spindle midzone formation and cytokinesis [50] . However, our results indicated that MKLP1 is not involved in the midzone formation. Inhibition of MKLP1 expression by siRNA clearly did not perturb midzone formation (Figure 2 , and Supplementary Video S3 at http://www.BiochemJ. org/bj/389/bj3890373add.htm) and did not affect the midzone association of INCENP ( Figure 4B ). Instead, suppression of MKLP1 expression inhibited midbody formation and completion of cytokinesis, indicating that MKLP1 is essential for these processes. Consistent with our findings, Matuliene and Kuriyama [6, 38, 39] have shown that an MKLP1 splicing variant, CHO-1, is required for formation of midbody matrix and completion of cytokinesis in mammalian cells. Similar late cytokinesis defects were also observed when MKLP1 homologue proteins were ablated by mutations or by siRNA in other species [9, 24, 25, 48, 51, 52] . Thus the MKLP1-MgcRacGAP complex appears to be an important factor involved in constricting the midzone to the midbody that is essential for the completion of cytokinesis.
We explored the interplay between INCENP and MKLP1 in regulating the formation of midzone/midbody and completion of cytokinesis in HeLa cells. We showed that MKLP1 is not required for recruiting INCENP to the midzone, but that INCENP is essential for recruiting MKLP1 to the midzone/midbody. Threedimensional reconstruction imaging analysis suggests that recruitment of MKLP1 to the midzone/midbody by INCENP is a crucial step for midbody formation. Thus regulation of functions of the centralspindlin complex may be a major role of chromosomal passenger complex in cytokinesis. Recently, Minoshima et al. [31] showed that human MgcRacGAP is a direct substrate of Aurora-B kinase, and Aurora-B phosphorylation of MgcRacGAP is necessary for the completion of cytokinesis. These findings, together with the results from the present study, support the notion that the MKLP1-MgcrRacGAP complex is a critical target of Aurora-B-INCENP-Survivin-Borealin complex(es) that are necessary for cytokinesis. It is noteworthy that human MKLP1 also contains two putative Aurora-B consensus phosphorylation sites. Whether MKLP1 is a direct downstream target of Aurora-B-INCENP-Survivin-Borealin complex(es) requires further studies.
Taken together, our results show that, in addition to its chromosome segregation function, human chromosomal passenger protein, INCENP, plays an essential role in regulating midzone/ midbody formation and cytokinesis. In contrast, the centralspindlin protein, MKLP1, is not required for midzone formation. Instead, MKLP1 is crucial for midbody formation and completion of cytokinesis. INCENP is required for recruiting MKLP1 to the spindle midzone/midbody, a crucial step for midbody formation and completion of cytokinesis. Future work will focus on defining how the chromosomal passenger complex controls the midzone/ midbody association of the centralspindlin complex and determining mechanisms by which the chromosomal passenger complex and the centralspindlin complex regulate midbody formation and completion of cytokinesis.
